or viral hepatotoxicants. 5 Interestingly, MET was reported to combine with aspirin to inhibit HCC growth and metastatic potential in vitro. 6 Aloin (also named barbaloin) was proved to possess anticancer role in different kinds of cancer cells: Ehrlich ascites carcinoma cell, myeloid leukemia, and acute lymphocytes leukemia cancerous cells. 7 In addition, aloin was found to suppress gastric cancer and non-small cell lung cancer, 8, 9 which further confirm the anticancer activity of aloin. Importantly, aloin was able to enhance the anticancer activity of cisplatin B16-F10 melanoma cells. 10 In this study, we aim to investigate the enhanced effect of aloin and MET combination treatment on growth, invasion, apoptosis, and autophagy in vitro and in vivo.
| METHODS AND MATERIALS

| Cell culture and reagents
The HepG2 cells (American Type Culture Collection) and Bel-7402 cells were cultured in ATCC-formulated Eagle's Minimum Essential Medium (EMEM; Gibco). To make the complete growth medium, 10% fetal bovine serum (FBS, Gibco), penicillin (100 units/mL, Gibco), and streptomycin (100 g/mL, Gibco) were supplemented. The cell lines were placed in an incubator with 5% CO 2 at 37°C. Aloin was obtained from Selleck and dissolved in DMSO (concentration: 1 mg/ml). MET HCl was obtained from Selleck and dissolved in ddH 2 O (concentration: 1 mg/ml).
| Cells and animals grouping
HepG2 cells were treated with PBS (phosphate buffer saline) (control), aloin (50 μmol/L 9 ), MET (400 μmol/L 11 ), and aloin (50 μmol/L)+ MET (400 μmol/L). The cells in all groups were harvested after 48 hour of treatment to measure the expression of corresponding cellular markers.
Bel-7402 cells were treated with PBS (control), aloin (50 μmol/L), MET (400 μmol/L), and aloin (50 μmol/L)+ MET (400 μmol/L). The cells in all groups were harvested after 48 hours of treatment to measure the expression of corresponding cellular markers.
The orthotopic xenograft mouse models were established on BALB/c athymic nude mice (female, 6-week-old), whereas HepG2 xenografts were established by inoculating 2.0 × 10 6 HepG2 cells into the right flank near the hind leg of each nude mouse. The experiments began when the mice bore palpable tumors (the tumor volume was ~100 mm 3 ), and they were randomly divided into four groups (n = 7) with treatment of (a) control (normal saline, every day), (b) aloin (40 mg/kg 9 ), (c) MET (200 mg/kg 12 ) or (d) aloin (40 mg/ kg)+ MET(200 mg/kg). The standard dose of MET for treating humans is 1000 to 2500 mg, usually given twice daily. MET (p.o) was administered at 300 mg/kg in drinking water. This can be translated to the human equivalent dose using the Reagan-Shaw method. 13 By the end of the experiment and after the rats were anesthetized, the trunk blood samples were collected from each rat.
| Cell growth assay
Cell proliferation was determined by Cell Counting Kit-8 (CCK-8) assay. HepG2 and Bel-7402 cells were pretreated with PBS, 50 μmol/L aloin, 400 μmol/L MET, and aloin (50 μmol/L) + MET (400 μmol/L) for 0, 24, 48, 72, and 96 hours, then cells were detached and seeded into 96-well plates at a density of 1.5 × 10 3 cells in 200-μl complete growth medium/well. Then, the 96-well plates were cultivated in incubator at 37°C with 5% CO 2 . CCK-8 experiment was performed according to the manufacturer's instructions. Absorbance at 490 nm was obtained by a microplate reader (BioTek Instruments, Inc).
| Colony formation assay
HepG2 and Bel-7402 cells were pretreated with PBS, 50 μmol/L aloin, 400 μmol/L MET, and aloin (50 μmol/L) + MET (400 μmol/L); cells were cultured in drug-free medium for approximate 14 days. The cells were fixed with cold methanol-glacial acetic acid and stained with crystal violet.
| Cell invasion assay
Transwell experiment was performed to detect cell invasion of HepG2 cells. HepG2 cells were seeded (5 × 10 4 /200 µL) into the upper transwell chambers with serum-free DMEM. The lower chambers were filled with 500-µL 10% FBS EMEM. Simultaneously, PBS (control), 50 μmol/L aloin, 400 μmol/L MET, and aloin (50 μmol/L) + MET (400 μmol/L) were added into upper chamber. After 24hours incubation, cells in lower chambers were fixed in 95% ethanol, and then stained with hematoxylin. The invasive number of cells was calculated and imaged under an inverted microscope.
| Wound scratch assay
The monolayer cells were scraped in a 6-well plate using a sterile pipette for a gap of about 1 mm to ensure that there was no cell presence in this gap. HepG2 and Bel-7402 cells were pretreated with PBS, 50 μmol/L aloin, 400 μmol/L MET, and aloin (50 μmol/L) + MET (400 μmol/L) for 24 hours; cell images in the scratch area were captured under the inverted microscope at 100 × magnification (Tokyo, Japan). 
| Cell apoptosis assay
Flow cytometry was performed to detect cell apoptosis. As previously described, 14 HepG2 cells were gently homogenized and harvested. Cells were resuspended in EMEM at a density of 1 × 10 5 , stained with Annexin V-FITC and PI, respectively. Finally, flow cytometric analysis was performed according to the manufacturers' instructions (Cell Sorter BD FACSAria II, BD Biosciences).
| Cell autophagy assay
Cell autophagy was detected by analyzing the protein expression of Beclin-1, ATG8, P62, and LC3 as well as the location of LC3. Protein expressions were determined by western blotting. The location of LC3 was detected by immunofluorescence staining. The experiment was performed as described by H. Tong et al. 15 Fluorescence was detected under the confocal microscopy (Nikon C1SiR, inverted microscope Nikon TE200, Image Systems).
| Western blotting analysis
Forty microgram proteins extracted from cells and tumors were resolved on (6%-12%) SDS-PAGE, then the proteins on gel were transferred to PVDF membranes (Millipore). Next, PVDF membranes were probed with primary antibodies. Antibodies were as follows: anti-PI3K, AKT and mTOR (Abcam), anti-GAPDH (Abcam), anti-Ki67 (Abcam), anti-Caspase-3 (Abcam), anti-VEGF (Abcam), and anti-MMP-9 F I G U R E 2 Aloin, MET, and combination inhibited cell invasion in vitro. A, Cell invasion of HepG2 was analyzed by Transwell assay (magnification, ×400). B, Cell invasion of Bel-7402 was analyzed by Transwell assay (magnification, ×400). C, Effects on the wound healing in HepG2 cells were determined for 0 and 24 h (magnification, ×100). D, Effects on the wound healing in Bel-7402 cells were determined for 0 and 24 h (magnification, ×100). E, The protein expression of MMP-9 and VEGF was detected by western blotting in HepG2 cells. The representative column diagrams showing results of relative protein expression. F, The protein expression of MMP-9 and VEGF was detected by western blotting in Bel-7402 cells. The representative column diagrams showing results of relative protein expression. Date are represented as the mean ± SD of three independent experiments. *P < .05, **P < .01, compared with Control, # P < .05, compared with MET (Abcam). After removing the primary antibody, membranes were incubated with horseradish peroxidase (HRP)conjugated secondary antibody (Santa Cruz Biotechnology). The target proteins were visualized using the Amersham ECL Prime Western Blotting Detection Reagent (Amersham Pharmacia Biotech). Finally, protein images were obtained by a ChemiDocxRS imaging system and analyzed by Quantity One analysis software (Bio-Rad Laboratories).
| The xenograft tumor model assay
The orthotopic xenograft models were established according to the study by M.A. Hossain et al. 16 Mice were divided into four groups: normal saline (control), aloin (40 mg/kg), MET (200 mg/kg), and aloin (40 mg/kg) + MET (200 mg/ kg). Each group had six mice. In aloin (40 mg/kg) and aloin (40 mg/kg) + MET (200 mg/kg) groups, mice were injected with aloin (40 mg/kg) intraperitoneally 1 day after the injection of tumor cells three times a week. In MET (200 mg) and aloin + MET groups, mice were injected with MET (200 mg/ kg) intraperitoneally 1 day after the injection of tumor cells three times a week. All animals were sacrificed at the 30th day; median survival of the nice and tumor weight were measured.
| Immunohistochemistry assay
The paraffin-embedded tumor sections were incubated with anti-Ki67 and anti-VEGF (Abcam). The immunohistochemistry assay was performed as previously described by N. D et al. 17 
| Statistics analysis
SPSS software (version 19.0) was used for all the statistical analyses. The data were shown as mean ± SD. Statistical comparisons were analyzed by one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test. The difference was considered statistically significant when values of P < .05.
| RESULTS
| Aloin, MET, and combination inhibited cell proliferation in vitro
As shown in Figure 1 CCK-8 assay (Figure 1A,B ) and colony formation assay ( Figure 1C ). Both aloin and MET alone inhibited the proliferation of HepG2 and Bel-7402 cells compared with the control (P < .05). In addition, the combination treatment of aloin and MET showed that the proliferation-inhibiting effects were stronger in HepG2 and Bel-7402 cells compared with the MET alone group (P < .05). The proliferation result was verified by protein expression of Ki67 and PCNA exhibited in Figure 1 . The relative expression of Ki67 and PCNA was markedly suppressed in HepG2 and Bel-7402 cells by aloin and MET alone (P < .05). Similarly, combination of aloin and MET showed that the expression of Ki67 and PCNA was less than MET alone (P < .05).
| Aloin, MET, and combination inhibited invasion in vitro
As shown in Figure 2 , the effects of MET and curcumin on HepG2 and Bel-7402 invasive cells were confirmed by transwell chambers assay (Figure 2A,B ) and woundhealing assay (Figure 2C Bel-7402 cells by both aloin and MET alone treatment (P < .05). Also, the expressions of MMP-9 and VEGF were reduced in combination therapy than MET alone (P < .05).
| Aloin, MET, and combination promoted apoptosis in vitro
As shown in Figure 3A , the apoptotic HepG2 and Bel-7402 cells were increased both aloin and MET alone compared with the control (P < .05); meanwhile, the combination of aloin and MET significantly increased the apoptotic cell compared with the MET alone (P < .05). The expression of cleaved caspase-3 and caspase-9 was significantly increased in HepG2 and Bel-7402 cells by both aloin and MET alone treatment (P < .05); interestingly, the expression of cleaved caspase-3 and caspase-9 was high in combination therapy than MET alone ( Figure  3B , P < .05).
| Aloin, MET, and combination induced autophagy in vitro
As shown in Figure 4 , both aloin and MET alone increased the relative expressions of autophagy-promoting proteins including Beclin-1, LC3II, and ATG8 in HepG2 and Bel-7402 cells compared with control, with reduced relative expression of P62 (P < .05). Interestingly, combination therapy showed the expression level of P62 was less but the expression of Beclin-1, LC3II, and ATG8 was high in HepG2 and Bel-7402 cells than MET alone (P < .05). As shown in Figure 4 , both aloin and MET alone increased the LC3-positive puncta per cell in HepG2 and Bel-7402 cells. Similarly, combination therapy exhibited more LC3-positive puncta per cell than MET alone (P < .05).
| Aloin, MET, and combination inhibited the PI3K/AKT/mTOR pathway
As shown in Figure 5 , both aloin and MET alone as well as combination treatment reduced the phosphorylation levels of PI3K, AKT, and mTOR significantly in HepG2 and Bel-7402 cells compared with control (P < .05); meanwhile, combination treatment of aloin and MET showed stronger inhibition of the phosphorylation levels of PI3K, AKT, and mTOR compared with MET alone (P < .05).
| Aloin, MET, and combination suppressed the tumor growth in vivo
As shown in Figure 6A , both aloin and MET alone as well as combination treatment significantly decreased the xenograft tumor weight. Consequently, both aloin and MET alone as well as combination treatment increased the survival of nude mice ( Figure 6B ). In addition, both aloin and MET alone as well as combination treatment inhibited the expression of Ki67 and VEGF obviously ( Figure 6C ). Consistent with the in vivo results, both aloin and MET alone as well as combination reduced the expression of Beclin-1 and LC3II as well as the phosphorylation levels of PI3K, AKT, and mTOR markedly ( Figure 7A-B ).
| DISCUSSION
HCC is an aggressive tumor characterized by highly proliferative and invasive capability. 18 It is meaningful to find more effective medication for HCC therapy. Single-agent treatment of cancer may produce chemoresistance, dramatically, a large number of studies have shown that combination therapy may have a stronger killing effect on cancer cells. For instance, aloin was reported to enhance the antineoplastic activity of cisplatin B16-F10 melanoma cells. 10 Besides, MET and curcumin combination treatment inhibited the growth, metastasis, and angiogenesis of HCC. 19 Rosiglitazone and MET combined to inhibit HCC. 20 In present study, we demonstrated that MET in combination with aloin suppress HCC in vitro and in vivo.
Aloin, a natural bioactive anthracycline, is extracted from Aloe barbadensis Miller leaves. 21 A large number of articles have shown the anti-inflammatory, antimicrobic, antioxidant, and anticancer potentials. 9 Till now, we first demonstrated the anti-HCC effect of aloin. MET was proved to suppress HCC alone or in combination with other medication. 6, 19, 22, 23 In the present study, both aloin and MET alone exhibited anticancer role in HCC. Specially, we demonstrated that aloin and MET alone inhibited the HCC in vitro and in vivo. Logically, aloin and MET alone promoted the apoptosis and autophagy of HepG2 and Bel-7402 cells in vitro. Besides, aloin in combination with MET showed that proliferation/invasion-inhibiting and apoptosis/autophagy-promoting roles were enhanced in HepG2 and Bel-7402 cells. The result indicates that MET alone has stronger anticancer effect than aloin alone; however, aloin combined with MET exhibits better anticancer effect than MET alone. The results may suggest that aloin enhances the chemosensitivity of MET in HCC. MET is a promising candidate to fight with various cancer including triple-negative breast cancer; 4 our experiments suggested that aloin might have additive effect with MET in vitro and in vivo. PI3K/Akt pathway is associated with cell proliferation, apoptosis, autophagy, and inflammation. 24 mTOR, an important downstream regulator in the PI3K/Akt pathway, plays an essential role in protein synthesis and autophagy. 25 Growing evidences have identified that many factors inhibit HCC via inactivation of the PI3K/Akt/mTOR signaling pathway. [26] [27] [28] In our in vitro and in vivo results, the PI3K/Akt/mTOR signaling pathway was inhibited, especially in the combination treatment group. The result evidenced that the concomitant treatment with aloin and MET reduced the phosphorylation level of PI3K, AKT, and mTOR.
Autophagy, an intracellular lysosomal pathway, is involved in protein degradation and organelle degradation. Autophagy is closely connected to a variety of human disease and physiology, including HCC. 29 According to previous study, combination treatment of MET and sorafenib could suppress proliferation and induce autophagy of HCC cells through targeting the mTOR. 12 In this research, MET was proved to promote autophagy in HepG2 and Bel-7402 cells and in tumors. Meanwhile, the concomitant treatment with aloin and MET enhanced the cell autophagy.
Autophagy is a mechanism by which the cells try to survive while apoptosis is a mechanism of cell death. Autophagy and apoptosis are two distinct processes which play seemingly opposite biological roles in response to genotoxic or pharmacological stresses. However, both autophagy and apoptosis may be triggered by common upstream signals, resulting in the activation of combined autophagy and apoptosis. Specially, the p38 and JNK MAPK pathways in regulating the balance of autophagy and apoptosis will hopefully provide prospective strategies for cancer therapy. 30 Interestingly, there is a conflicting report regarding the potential role of p38 MAPK and autophagy. p38 MAPK was found to play a vital role in the switch from autophagy to apoptosis in MS-275-induced human colon cancer cells. High expression of p38 induced cell autophagy, but low expression resulted in apoptosis. 31 Importantly, treatment with MET and sorafenib alleviates endometrial hyperplasia in polycystic ovary syndrome by promoting apoptosis via synergically regulating autophagy. 32 Furthermore, proapoptotic roles of autophagy have been reported. 33 Therefore, autophagy and apoptosis might be mutually regulated after treatment to achieve anticancer effects.
In summary, aloin was demonstrated to enhance the anticancer effect of MET via attenuating the proliferation and invasion, and facilitating apoptosis and autophagy in vitro and in vivo. Therefore, aloin is promising to be a novel medication for HCC therapy when combined with MET.
AUTHOR CONTRIBUTIONS
Ruijie Sun conceived and designed the experiments; Ruijie Sun and RuirenZhai performed the experiments; Changlin Ma analyzed the data; Wei Miao drafted or revised the manuscript.
ORCID
Wei Miao
https://orcid.org/0000-0001-8267-5834
